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Abstract 
The number of mobile Intemet-enabled devices (MIEDs) is growing. Producing MIEDs requires resources, energy 
and causes considerable emissions. Extending the service life MIEDs could significantly reduce the demand for 
new devices and associated environmental impacts. However, whether service life extension actually reduces 
environmental impacts associated with MIEDs is still uncertain. First, available life cycle assessments of MIEDs 
suggest that the production of integrated circuits (ICs) accounts for the majority of GHG emissions during the 
production phase and that greenhouse gas emissions increase with the size of the device and, more importantly, 
with its storage capacity. However, there is only little information available on MIED specific components such 
as logic or memory type integrated circuits. In order to quantify environmental impacts of service life extension 
of MIEDs new approaches for life cycle inventory modelling (e.g. modular modelling) are required. Second, 
service life-extending measures are subject to rebound effects, which occur if the number of devices being 
produced does not fall as expected. Such effects depend on consumer behaviour (e.g. re-spending effects) and the 
rationalities of involved economic actors. Thus, environmental, behavioural and economic aspects have tobe taken 
into account in order to develop service life-extending measures that entail environmental benefits while being 
both economically viable and appealing to consumers. 
1 Introduction 
Mobile Intemet-enabled devices (MIEDs) such as 
smartphones, laptops, and tablets have become an 
integral part of our everyday life, which is reflected in 
the large increase in the number of devices sold in 
recent years [1]. These devices require a considerable 
amount of resources and energy for their production, 
during their use and must be disposed at their end-of-
life [2]. 
To date, information and communication technology 
(ICT) end user devices (including MIEDs) cause more 
greenhouse gas (GHG) emissions than data centres and 
telecommunication networks together [3]. Most of the 
environmental impact throughout the life cycle of 
MIEDs occurs during production [ 4] . In particular, 
their material composition contains more than 50 
chemical elements, including several scarce metals [5], 
whose mining and disposal has toxic impacts on 
humans and ecosystems. 
While specific data on the service life of MIEDs are 
scarce, it is a common practice to replace MIEDs 
within a few years, despite the fact they are still 
functional. Thus, extending the service life of MIEDs 
is technically feasible and can reduce the demand for 
newly produced devices and environmental impacts 
associated with MIED production. However, the 
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service life of MIEDs depends on the actions of many 
actors, including consumers, producers and retailers. In 
turn, their actions depend on technological 
development and the economic and regulatory context 
(e.g. instalment plans offered by device retailers, 
availability of secondary markets for used devices, 
warranty requirements, etc.), and between the actors 
themselves. 
Hence, in order to identify and implement effective 
measures to extend the service life of MIEDs, it is 
necessary to systematically investigate related issues 
from an environmental, behavioural and economic 
perspective. This paper aims at providing an overview 
of the current state of knowledge with respect to these 
perspectives and at exploring approaches and further 
research needed to tackle them. lt is structured as 
follows: In chapter 2, we provide an overview of the 
status quo with respect to environmental impacts of 
MIEDs as well as measures to extend their service life. 
In order to improve the environmental assessment of 
measures to extend the service life of MIEDs, we 
introduce an approach to update life cycle inventory 
data of mobile devices and discuss environmental 
impacts of a repair scenario as well as potential indirect 
effects of service life-extending measures (chapter 3). 
Finally, we summarize and discuss main findings and 
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provide an overview of challenges tliat must be 
addressed in future research ( chapter 4). 
2 Status Quo 
2.1 Assessing the Impacts of MIEDS 
Life cycle assessment (LCA) allows to assess the 
environmental impact of MIEDs and more 
specifically to identify environmental hotspots 
throughout their life cycle [ 6] . Several existing LCA 
studies have focused on specific MIED devices. These 
include devices such as smartphones (e.g. Sony 
Ericsson W890 [6], Fairphone 1 [7], Fairphone 2 [8] 
and Sony Xperia Z5 [9]) and notebooks (e.g. Dell 
Latitude E6400 [10] and ASUS UL50Ag [11]). Some 
device manufacturers, such as Apple and HP, also 
provide information on the GHGs caused throughout 
the life cycle of their devices [12] [13]. In addition, 
some articles [14] [16] provide a comparison of the 
environmental impacts of different devices. 
Figure 1 depicts life cycle-related GHG emissions of 
various devices. On average, the notebooks cause GHG 
emissions of 309 kg C02 equivalents, the tablets 127 
kg C02 equivalents, and the smartphones 54 kg C02 
equivalents. There is considerable variability in the 
data provided by different studies, which differ in 
scope and system boundaries. For example, the 
assumed service life of an MIED has significant 
influence on the environmental impact per year of use. 
The results of the LCA studies are therefore not 
directly comparable. Manhart et al. [15] assume that 
some studies underestimate total GHG emissions (e.g. 
Fairphone 1) or those of the manufacturing phase (e.g. 
iPhone 3G). Similarly, Suckling and Lee [14] assume 
that the effects of Fairphone 1 are underestimated due 
to differing assumptions. 
Nevertheless, the data suggests that GHG emissions 
increase with the size of the device and, more 
importantly, with its storage capacity. This is in line 
with the observation that GHG emissions per device 
increase over time due to the increasing complexity and 
storage capacity of the devices. E.g., a comparison of 
an Ericsson LCA study from 1995 with a study from 
2015 shows that even though the gold content of 
mobile phones has fallen and batteries have changed 
from nickel-cadmium batteries to more 
environmentally friendly lithium batteries, GHG 
emissions have increased due to the higher complexity 
and storage capacity [9]. 
Furthermore, all studies come to the collllllon 
conclusion that the dominant life cycle phase is the 
production phase. For this reason, extending the 
service life of the devices and thus decreasing the need 
for new devices is most relevant for the reduction of 
environmental impacts of devices. 
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Figure 1: Greenhouse gas emissions (assessed 
with IPCC 2013 [17]) by life cycle stage of various 
devices. 
Figure 2 shows the GHG emissions caused by the 
production of main components for three mobile 
phones (Sony Ericsson W890 [6], Fairphone 2 [8] and 
Sony Xperia Z5 [9]). The production of the integrated 
circuits (ICs) accounts for the majority of GHG 
emissions during the production phase. This effect is 
mainly due to the use of fossil-based electricity in the 
manufacturing countries in Asia, because the 
manufacturing of ICs is a highly energy-intensive 
process. The ICs consist of processor and memory 
chips. According to Ercan et al. [9], the GHG emissions 
caused by the production of the processors ( about 4 kg 
CO2-eq per cm2) is higher than for the memory chips 
(about 3 kg CO2-eq per cm2) because the memory 
production consumes less electricity and has higher 
yields. 
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Figure 2: Contribution of different components 
to the total greenhouse gas emissions caused 
during production of smartphones (assessed with 
IPCC 2013 [17]). 
Moberg et al. [6] assess the effects of different 
components in terms of different environmental impact 
categories for the mobile phone Sony Ericsson W890. 
For all impact categories, the ICs cause the largest 
impacts. Again, the effects are mainly due to electricity 
generation, which is needed for the energy-intensive 
production of ICs. Ercan et al. [9] also investigate the 
effects in different impact categories of the Sony 
Xperia Z5 smartphone. The production stage 
dorninates the impacts in terms of GHG ernissions, 
particulate matter, photo-oxidant creation potential, 
acidification potential and fresh water eutrophication. 
The raw material acquisition, in particular gold and 
copper, cause most of the toxic impacts and the 
resource depletion. 
2.2 Measures for Lifetime Extension of 
MIEDs 
As the production phase dorninates the environmental 
impacts caused throughout the life cycle of MIEDs, 
extending the average service life of MIEDs ( and thus 
reducing the number of devices produced) seems to be 
a prornising approach to reduce environmental impacts 
caused by MIEDs. Measures to extend the service life 
of MIEDs can be clustered into three target categories 
[18]: The first target is to (1) increase longevity of 
devices through improved hardware or software. The 
second is to (2) encourage retention, i.e. increasing the 
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time a device is used by the same user. The third is to 
(3) promote recirculation, i.e. passing on a device to a 
different user. A number of different measures can help 
contributing to one or several of these targets. Table 1 
provides an overview of selected measures. 
Category Measure 
Improve Avoid software- or hardware-induced 
device obsolescence 
design Improve reparability and upgradability 
Improve durability 
Retention Increase awareness for environmental 
impact of device production 
Increase user attachment to device 
Provide possibilities to repair device 
Recirculation Re-sell device 
Pass on device (e.g. to a farnily 
member) 
Device-as-a-service business models 
Repurpose device in different context 
(e.g. for educational purposes at 
schools) 
Table 1: Selected measures to extend the service life 
of MIEDs clustered into three categories. 
These measures differ in the involvement of and impact 
on a variety of actors. For example, device design 
measures lie mainly in the responsibility of 
organizations involved in the production of MIED 
hardware and software; however, these face trade-offs 
when adopting these measures because their revenues 
correlate with the number of devices produced. Thus, 
business models, which decouple revenues from the 
number of devices produced (e.g. renting out instead of 
selling devices), and policies to incentivize 
manufacturers to increase service life of devices are 
required. For example, the EU is considering an 
initiative to force device manufacturers to use universal 
mobile phone chargers with a standardized interface 
[19]. 
Device retention is mainly shaped by consumer 
decisions (e.g. when and whether to purchase a new 
device, repair a broken one, etc.). However, device 
manufacturers and retailers can also increase device 
retention, e.g. by offering affordable and convenient 
repair services or by increasing user attachment to 
devices through design measures (e.g. engravings). 
The launch of new device generations and associated 
marketing activities can have a reducing effect on 
device retention. Eventually, also the legal framework 
is important here (e.g. warranty requirements, etc.). 
Recirculation measures are again shaped to a large 
extent by consumer decisions. There must be both a 
supply of attractive secondary devices as well as a 
demand for them. Apart from financial considerations 
and privacy concems, recirculation is influenced by the 
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availability of convenient ways to pass on a device tliat 
is no longer used, e.g. through conveniently located 
drop-off points [20]) or attractive platforms for re-
selling devices. 
In many cases, organizations trying to operationalize 
approaches face challenges. For example, durable and 
modular smartphones are often larger and heavier than 
their non-modular counterparts, which is a conflict 
with demand for compact and lightweight devices [21] . 
Finding creative solutions requires collaboration of 
various actors along the MIED value chain, which 
partly compete with each other. For example, 
improving modularity of a smartphone can allow new 
companies to produce spare parts, which were 
originally only sold and replaced by original equipment 
manufacturers. Thus, more systematic research 
allowing to compare the feasibility of various measures 
is required. 
3 Exploring Amuoaches to Assess 
Service L1fe Extension 
In the following, we discuss possibilities for assessing 
environmental impacts of service life-extending 
measures. This can be seen as a starting point for future 
research in the field. 
3.1 Updated Life Cycle Inventory (LCI) 
Model for a Smartphone 
The availability of life cycle inventory models of 
MIED specific components is limited. Hischier et al. 
[22] modelled a smartphone based on data from the 
ecoinvent database. The production effort for a 
smartphone is estimated based on available data of 
production impacts of a laptop computer. In 
comparison, recently published LCA studies of the 
production of smartphones show a significant 
difference in the environmental impact per device. 
Therefore, we adapted the modular LCI model of 
Hischier et al. [22] with more recent information on 
specific components. 
3.1.1 Approach 
Based on the dataset of Hischier et al. [22], we ad justed 
the wafer size of the ICs; the weight of the battery, the 
display, the circuit boards; and also the energy 
consumption during the production phase. We have 
modelled the iPhone 6s because Apple has published 
an environmental report for it [12] and because a 
teardown report [23] by Chipworks for this device is 
publicly available. Background data was gathered from 
the database ecoinvent [24], version 3.5 using the 
system model allocation, cut-off by classification . 
Since ICs are responsible for the niajority of the 
environmental impact in the production of MIEDs, we 
paid particular attention to the modelling of ICs. For 
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modelling the ICs of a smartphone, Hischier et al. [22] 
scaled the weight of a laptop chip to the weight of a 
mobile chip. However, there are significant differences 
in the design of ICs used in laptops compared to those 
used in smartphones. Laptop in contrast to smartphone 
logic type IC chips, consist of much more IC 
packaging, which has a lower environmental impact. A 
smartphone logic type IC chip usually has very little IC 
packaging, i.e., the chip has almost the same size as the 
wafer. This is due to the demand for smaller devices 
with higher performance. Therefore, we increased the 
surface area of the wafer so that it corresponds to the 
surface are of a smartphone chip. 
In order to adjust the wafer size, we have used the 
information [23] about the ICs contained in the iPhone 
6s. The sum of all logic type IC chips is 6.43 cm2 [23] 
per 11 g circuit board [12]. Since smartphone logic 
type IC chips hardly require any IC packaging, we have 
made the simplified assumption that the specified area 
corresponds to the wafer area. Tue weight of the logic 
type IC chips and memory type IC chips per circuit 
board has not been changed. With this information, a 
wafer area of 0.403 m2 per kg logic type IC was 
calculated. This corresponds to an increase of the area 
by a factor of 22.4, resulting in GHG emissions of 
3.45 kg CO2-eq per cm2 IC logic type. Manufacturers 
state that the GHG emissions for processed wafers is in 
the range of 2.7 4.3 kg CO2-eq per cm2 [9]. Thus, our 
result is within the expected range. 
For adjusting the wafer size of the IC of memory type 
chips, a different approach was chosen. Apple states 
that the life cycle ofthe iPhone 6s with 32 GB memory 
has GHG emissions of 54 kg CO2-eq and with 128 GB 
a GHG emissions of 61 kg CO2-eq. Thus, extending the 
memory capacity by 96 GB increases the GHG 
emissions by 7 kg CO2-eq. Therefore, we assume that 
manufacturing an IC of memory type with 32 GB 
memory capacity causes 2.33 kg CO2-eq. 
Consequently, we increased the wafer area of the 
memory type IC until this target value was reached. 
This resulted in a wafer area of 0.042 m2 per kg IC of 
memory type. 
In the Environmental Report of the iPhone 6s, the 
weight of the components circuit boards is stated as 
11 g, the display as 29 g and the battery as 26 g [12]. 
Furthermore, it is stated that the iPhone 6s contains 
25 g aluminium, 24 g stainless steel, 18 g glass and 7 g 
plastic [12]. We adapted the LCI model of Hischier et 
al. [22] according to these specifications. 
For reflecting the target GHG emissions of 43 .2 kg 
CO2-eq for the production of an iPhone 6s (with 32 
GB) [12], we assumed that the remaining difference to 
the target value of 43 .2 kg CO2-eq is caused by 
electricity use. This resulted in additional electricity 
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use of 14.3 kWh. This simplification is intended to 
cover the effects of other aspects that have not been 
taken into account yet, such as the amount of gold used. 
In our future work, we will look into these aspects and 
gradually replace this additional consumption of 
electricity. 
3.1.2 Result and Interpretation 
Existing studies (see Section 2.1) suggest that the 
environmental impact of MIEDs increases with higher 
device complexity. This is because the memory chip, 
the CPU, and the graphics chip have the greatest effect 
on the GHG emissions in the production of the device. 
For this reason, we have put our focus on updating the 
LCI for ICs used in smartphones. 
C" 
QJ 
"" 8 
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Figure 3: Updated iPhone 6s model in 
comparison with results from published LCA 
studies: Greenhouse gas emissions (according to 
IPCC 2013 [17]) of the production phase per 
module. 
Figure 3 shows the GHG emissions of the production 
phase per module of the updated model of the iPhone 
6s in comparison with the original iPhone 6s [12], the 
initial model according to Hischier et al. [22] and other 
results from published LCA studies [8], [9]. lt can be 
seen that the share of the production of the ICs of the 
total device is within an expected range. The GHG 
emissions of the IC production of published LCA 
studies is between 50% and 68% of the total production 
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phase, in the case ofthe modelled iPhone 6s it is 57%. 
lt can be concluded that adjusting the wafer area is a 
reasonable approach for updating the LCI of 
smartphones. The GHG emissions of the displays are 
also within the expected range. 
In future work the modelling of memory ICs has to be 
examined more closely. Up to now, the wafer size has 
been adjusted, but other parameters of the memory 
chips should also be considered. Besides, the GHG 
emissions of the battery of the modelled iPhone 6s are 
below the expected proportion. lt is therefore required 
to examine the battery production in more detail. The 
electricity used in the production of the individual 
components and the amount of gold built in the 
components must be investigated, as these are the 
primary sources of GHG emissions. In this way, the 
additionally added electricity consumption could be 
replaced or allocated to the individual components. 
lt should also be noted that the approach for updating 
the LCI model presented in section 3 .1 .1 describes a 
starting point for updating LCI models for 
smartphones. Therefore, this approach contains 
uncertainties and has to be further improved in future 
work. For example, information on the IC package area 
was used to adjust the wafer area, instead of 
considering the actual die dimensions. Therefore, the 
next step is to model a recent smartphone for which a 
detailed teardown report, including the die area, is 
available. 
3.2 Assessment of a Repair Scenario 
In order to quantify the environmental impacts caused 
by the service life-extending measure repair , we 
calculated a repair scenario of an exemplary 
smartphone, which was in this case the iPhone 8 [23]. 
Since the display and battery are often replaced during 
a repair, we have considered a replacement of the 
battery and the display in our repair scenario. As shown 
in section 2.1, GHG emissions from battery production 
account for up to 5% of total emissions of the 
production phase. The production of the display 
accounts for up to 10 % of the total emissions of the 
production phase. 
For investigating the impact of the transport required 
environmental impacts using a lorry process from the 
ecoinvent database version 3 .5 using the system model 
[24] . A transport 
from Switzerland to Poland with a distance of 1,000 
km km in total including the return trip) was 
assumed. The calculated GHG emissions for the 
transport to Poland only account for about 1 % of the 
GHG emissions of the production of a new display. 
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Figure 4 compares the GHG emissions of the repair 
scenario with GHG savings due to a possible avoided 
production of a new device. In both cases, the use phase 
is assumed tobe 2 years. 
Figure 4: Greenhouse gas enussions (assessed 
with IPCC 2013 [17]) of a new device in 
comparison to the repair scenario. 
Assuming the service life is extended from 2 years to 4 
years and the display and the battery are replaced after 
2 years, 72% of the GHG emissions of a new device 
can be saved compared to buying a new device every 
two years. This is because the main environmental 
impacts are caused by the ICs that are not replaced in 
the repair scenario. 
Therefore, we can conclude that the extension of the 
service life by replacing a battery or a display is 
worthwhile in terms of GHG emissions, despite the 
additional emissions from the production of new 
components and transportation. 
3.3 Indirect Effects of Service Life-
extending Measures 
The main target of measures to extend the service life 
of MIEDs is to reduce the number of devices produced 
and associated environmental impacts. However, 
indirect effects (e.g. rebound effects) can 
counterbalance environmental gains from service life-
extending measures. 
Tarnar and Makov [26] discuss two rebound 
mechanisms of service life-extending measures of 
smartphone: Imperfect substitution occurs when 
ISBN 978-3-8396-1659-8 
Berlin, September 1, 2020 
avoid demand and production of new product units on 
[26, p. 2]. Re-spending effects occur ifused 
devices, parts or materials are cheaper than their new 
counterparts, leading to an increase in effective income 
of consumers who purchase other goods or services, 
which are also associated with environmental impacts. 
A flourishing market for used MIEDs can even 
stimulate market growth, e.g. because consumers can 
easily sell their devices and invest the income into new 
devices [26], [27]. Some users, who would not have 
purchased a new device at all, might purchase a used 
device because it costs less [26]. The results of the 
analysis of Makov and Font Vivanco shows that in the 
US imperfect substitution and the re-spending effect 
lead to rebound effect between 27% and 46% for 
specific smartphone models and can even exceed 100% 
(backfire) in specific regions and under different 
consumer behaviour. 
Service life-extending measures can also lead to 
induction effects, which occur if adopting the measures 
induces activities, which are associated with 
environmental impacts (e.g. consumers traveling to 
repair facilities or additional connectors required in 
modular smartphones). Exporting devices for re-use in 
developing countries can also cause environmental 
impacts beyond energy consumption and GHG 
emissions, because these devices, at their end-of-life, 
are often informally recycled with toxic impacts on the 
environment and humans [28]. 
Thus, whether or not a service-life-extending measure 
leads to reduction of environmental impacts of MIEDs 
depends largely on the extent to which a measure 
increases the service life of a device or its components, 
and thereby avoids additional production, as well as 
associated rebound and induction effects. 
4 Discussion and Conclusion 
As the production of ICs causes the highest 
environmental impacts throughout the service life of an 
MIED, extending the service life of an MIED is a 
promising approach to reduce environmental impacts 
caused by MIEDs. Several measures to extend the 
service life have been explored in academia and 
industry practice, which can be clustered into 
measures, which aim at improving the device design, 
at device retention and device recirculation. W e 
assessed environmental impacts of a repair measure 
and showed that the production of new devices causes 
more than two times more GHG emissions than 
extending the service life of an existing device by 
replacing the display and the battery. 
However, indirect effects (such as rebound effects) can 
compensate for environmental gains from lifetime 
extending measures. For example, it is unclear to what 
extent the extension of the service life of an MIED 
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actually avoids the production of a new device. Also, 
re-using devices might trigger additional consumption 
( e .g. for accessories) or the availability more affordable 
used devices can induce consumers to replace their 
existing device earlier than later. These effects depend 
on the behaviour of individual consumers and complex 
supply and demand relationships in the MIED market. 
Thus, environmental, behavioural and economic 
aspects have to be taken into account in order to 
develop service life-extending measures that entail 
environmental benefits while being both economically 
viable and appealing to consumers. To successfully 
implement measures to achieve service life extension, 
economically viable business models, which have 
environmental benefits and are socially accepted, are 
required in order to incentivise a more sustainable use 
ofMIEDs. 
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